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INTRODUCTION 
When repeatedly washed in saline solution, living cells lose in a large 
measure their ability to oxidize and to reduce.  This fact was estab- 
lished by studies of oxygen consumption and methylene blue reduction 
with muscle tissues and yeasts.  It led to the concept that the oxida- 
tion-reduction properties of a tissue or a cell are really due to the oxida- 
tion-reduction properties  of certain metabolites  after they have  be- 
come "activated" by the tissue or cell under consideration. 
The analysis of phenomena of this nature in bacterial systems was  apparently 
begun by Harden and Zilva (i) in 1915.  They found that washed ceils of B. coli 
which reduce methylene blue only very slowly, reduce the same dye very rapidly 
in the presence of various substances.  This work was much extended by Quastel 
and his  associates  (2)  ~vho referred to the washed  cells  as  "resting bacteria." 
"Resting bacteria are simply bacteria in a state of non-proliferation and may be 
investigated in  a  manner shnilar  to  ermyme or  catalytic systems."  Working 
with B. toll,  B. pyocyaneus  and B. alkaliger~s, they found that these organisms 
can activate the reduction of methylene blue by certain sugars,  amino acids, and 
fatty acids (especially formic, lactic and succinic).  B. coli was found to have an 
even wider range of activating action than muscle,  56  substances  out of 103 
studied being "activated" in this manner.  Quastel (3) suggested that the process 
of "activation" consists in a polarization of the substrate molecules at particular 
regions or centers on the surface structures (interfaces) of the cell 
In 1914, Cole  (4) investigated the mechanism  of the  reaction whereby Pneu- 
mococci  transform  hemogiobin  into  methemoglobin.  The  reaction  does  not 
occur when hemoglobin is added to an emulsion of washed ceils in salt solution. 
However, if minute traces of dextrose (or a number of other organic substances) 
be added to such a mixture, the reaction quickly occurs; it is always conditioned 
by the presence of oxygen.  Avery and Neill (5) have described a large number of 
other oxidation-reduction processes exhibited by Pneumococcus cultures; amongst 
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which we shall consider  in our studies the reduction of methylene blue and the 
formation of peroxide.  The fact that these processes have the same optimum and 
limiting condition (temperature, pH, etc.,) suggests that they are brought about 
by one and the same system.  They are exhibited not only by the whole intact 
cells, but also by sterile extracts of these cells prepared under proper conditions. 
They can also  proceed under conditions  of pH and temperature which  do not 
permit active growth.  As in  the case of muscle, yeast and B. cogi, the washed 
ceils of Pneumococcus are unable to reduce,  to consume oxygen, or to form perox- 
ide.  However, the oxidative-reductive properties can be restored by the addition 
to the washed cells of the cell washings,  and of aqueous or alcoholic  extracts  of 
muscle,  yeast  and  vegetable  tissues.  The  oxidation-reduction  system of  the 
Pneumococcus cell therefore appears to consist of at  least  two  components:  1) 
the heat stable component, just referred to, which can be readily washed out of the 
ceil and is not necessarily of Pneumococcus origin.  2)  a labile cellular compon- 
ent, not removed by washing, inactivated by i0 minutes heating at 65°C. 
In  the  experiments  to  be  presented  here,  we  have  attempted  to 
analyze further the mechanism of bacterial oxidations and reductions 
and  to  establish  new  reactions  of  physiological  significance.  This 
report is limited to the influence of carbohydrates,  especially glucose, 
as  these  substances  appear to  be of primary importance in  the phe- 
nomena of  growth.  Although  most of  the  work has been done with 
Pneumococcus cells, it is hoped that the facts established will prove to 
be  of  a  more  general  significance  in  an  understanding  of  cellular 
physiology. 
EXPEI~TMENTAL 
Experimental Methods 
1. Bac~riologicaL--The experiments have been carried out with 3  strains  of 
Pneumococeus: Type I  (1/219/4),  Type III (A/66/73)  and  an R  cell derived 
from Type II (D/39/R).  The results obtained apply to all 3 strains; for the sake 
of simplicity, all protocols refer to strain D/39/R. 
Unless otherwise stated, very young cultures (6 hours old) were used in the tests; 
these cultures were obtained by seeding 2 cc. of a young culture into  150 cc. of 
meat infusion  broth containing 1 per cent WiRe's peptone and 0.03 per cent dex- 
trose.  The cells were separated from the medium and washed in physiological salt 
solution by centrifngalization (30 minutes--about 3000 rotations per minute). 
By "sugar free meat infusion," we understand beef infusion prepared according 
to the standard method and from which the sugars have been removed by grow- 
ing Pneumococcus in the infusion and filtering out the cells. 
2. ChemicaL--All  the  tests  were  performed  in phosphate  buffer  solutions 
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The dye solutions were prepared as described in an earlier paper (6). 
The following substances were used as source of oxidized thiol groups; a)  glu- 
tathione  (in the form of meat infusion); b)  satUrated cystine solution at pH 8.0; 
c)  a  product obtained by the  auto-oxidation of thioglycollic acid  (Eastman)  in 
the presence of air,  with sodium nitroprusside  as a  catalyst (in dilute  ammonia 
solution); we shall refer to the last product as "oxidized thioglycollic acid" without 
attaching to this expression any real meaning concerning the exact nature of the 
compound. 
The reduction experiments were carried out in Noguchi tubes under a vaseline 
seal of 2 inches thickness, at room temperature (about 20°C.).  The nitroprusside 
test was used to detect the presence of reduced thiol groups.  The formation of 
peroxide was tested by tra~asferring  l0 cc. of the systems under consideration to 
150 cc. Erlenmeyer flasks which were incubated at room temperature; the titanium 
sulphate test was used for detecting the peroxide present. 
TABLE  I 
Reduction of Methylene Blue by Pneumococcus Cultures at Different 
Periods of Growth 
No. of hours after inoculation at 
which samples were taken 
1 hour 
3  hours 
4  " 
6  " 
7  " 
12  " 
24  " 
Time required for the reduction of 0.2 cc. of 0.0025 K methylene 
blue by $ cc. culture 
Plain broth culture  Glucose bmth culture 
30  minutes 
30  minutes 
6  hours 
4  " 
2  " 
2  " 
4  " 
8  " 
18  " 
20 minutes 
10  " 
6  hours 
3  " 
1  "  5  minutes 
0  "  30  " 
0  "  25  " 
0  "  30  " 
2  "  10  " 
The Reduction of Methylene Blue  by Pneumococcus Cultures 
When one attempts to determine the "reducing power" of a  Pneumo- 
coccus  culture,  it  is  found  that  even  under  the  same  conditions  of 
temperature  and  reaction,  the  rate  of  reduction  of  methylene  blue 
varies a great deal, according to the composition of the medium and the 
age  of  the  culture. 
Experiment/.--Two flasks,  each containing 150 cc. of plain broth, were seeded 
with 2 co. of a young culture of Pneumococcus.  One of the flasks received in addi- 
tion 0.1 per cent glucose.  The two flasks were incubated at 37°C.  and  samples 
were removed after I, 3, 4½, 6, 7½, 12 and 24 hours incubation.  The reaction of these 146  CARBOHYDRATES  IN BIOLOGICAL  OXIDATIONS 
samples was adjusted to pH 8.0 with NaOH and a reduction test was set up with 
0.2 cc. of 0.025 ~r methylene blue.  The times required for reduction are given in 
Table I. 
Although  no  bacterial  counts were made, the turbidity of the cul- 
tures indicated that the maximum growth was obtained after 6-8 hours 
incubation.  The fact that during the early periods of incubation, the 
dye was more rapidly reduced in the glucose broth culture than in the 
plain broth culture may be accounted for by the  more rapid multipli- 
cation of the organisms in the former medium.  But the rapid decrease 
of the "reduction power" of the plain broth culture as compared with 
its constancy in the glucose broth culture cannot be attributed to the 
difference in the number of cells, for it is known that the number of R 
cells of Pneumococcus remain constant for at least 24 hours in plain 
broth cultures, while the same organisms begin to die off more rapidly 
in glucose broth.  It appeared, therefore, that the constituents of the 
medium played an important r61e in the reducing power of the culture. 
This is shown by Experiment 2. 
Experiment 2.--Flasks containing 150 cc. of plain broth were seeded with 1.25 
cc. of a young D/39/R culture.  10 cc. samples were taken at different times after 
inoculation, and adjusted to pH 8.0.  In each case, 2 samples received 0.1 cc. of a 
1 per cent glucose solution and 2 were kept as control, one of the duplicate  tubes 
in each series was placed in a bath of boiling water for 2 minutes.  2 cc. of 0.0025 
M methylene blue was then added to each one of the tubes.  The time required 
for reduction of the dye is given in Table II. 
A number of conclusions can be drawn from this experiment:  a) the 
addition of small amounts of glucose to Pneumococcus cultures brings 
about a more rapid reduction of the methylene blue; b) the decrease in 
the reduction power of a  plain  broth culture after the sixth hour of 
growth is probably due to the disappearance of the small amount of 
sugar originally present in the broth; c) the ability of the glucose to 
reduce methylene blue is probably due to some cellular factor,  since 
it reaches its maximum at the time when the growth is maximum; d) 
this factor slowly loses its power as the culture ages. 
It is known that oxidized methylene blue is bacteriostatic for Pneu- 
mococcus (7); this and the fact that the reduction of the dye occurs so 
rapidly (12 minutes) is an indication that the phenomenon of reduction P.E~r~  DUBOS  147 
is not associated with a proliferation of the cells.  The experiments with 
washed cells serve to demonstrate this point. 
TABLE  II 
The Effect of Heating, Age of the Culture, and Addition  of 0.! cc. of 1 1per Cent 
Glucose on the Velocity of Reduction of 0.2 cc. of 0.0025 at 
Metkylene Blue by Pneumococcus Cultures (10 co.) 
~0. O| llour$ 
after inoculation at which 
sample was taken 
1 hour 
2 hours 
3  "  30 minutes 
S  ~4 
6  "  30 minutes 
8  " 
10  " 
12  "  30 minutes 
23  " 
26  " 
30  " 
47  " 
-NO. 01t  Cells 
per  co. 
of culture  Culture 
l0  g  12 hrs. 
IO  s  9 hrs. 
I0  9  2 hrs. 
15 rain. 
10  °  55 min. 
109  12 rain. 
101°~  44  mhl. 
lO~Ot  2 hrs. 
30 rain. 
l~°t  6 hrs. 
109  16 hrs. 
109 
10  s 
I0  e 
Tune required for reduction by: 
Heated 
culture 
m* 
N 
m 
m 
1 
m 
B 
m 
m 
m 
Heated 
Culture q-  i culture 
dextrose  !  + 
dextrose 
12 hrs. 
9 hrs. 
2 hrs. 
15 rain. 
45 rain. 
10 rain. 
13 rain. 
15 rain. 
17 rain. 
27 rain. 
45 min. 
48 min. 
6 hrs. 
0.1 OC. 
of I per 
cent. 
dextrose 
* The  sign  -  indicates that  the  dye was not  reduced  after  24  hours.  The 
heated cultures, however, showed some reduction at that time.  This reduction 
was of the same order as that exhibited by sterile media (6) and need not interest 
us here. 
t The apparent increase in numbers observed after the 8th hour  of incubation 
is probably due to the breaking up of the Pneumococcus chains 
The  Reduction  of Metkytene  Blue  by  Washed  Cells of Pneumococcus; 
Its Activation by Meat Infusion 
Experiment 3.--A young culture of D/39/R  in plain broth was centrifuglized, 
and the cells washed 7 times in saline,  A sample corresponding tO 15 cc. of culture 
was taken following each washing, and the ability of the washed cells to reduce 
methylene blue was tested in the absence and in the presence of glucose. 
This experiment demonstrates that  cells washed free of metabolites 
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in the presence of glucose; the partial  reduction obtained with the 
unwashed ceils without further addition of sugar is to be traced to the 
metabolites associated with the cells  and which are removed by re- 
peated washings.  It is also evident that, as the washings are repeated, 
the cells progressively lose their ability to reduce in the presence of 
T.CBLX nX 
Tke Reduction of Methylene Blue (0.1 co. of 0.005 at) by Washed Cells of Pneumococcua 
No. of washings 
ot 
it 
2 
3 
4 
5 
6 
7 
Time required  for complete  reduction 
No glucose 
m 
0.2 cc. of 0.005 M  glucose 
2 minutes 
5 
9  " 
16  " 
29  " 
* The sign -  indicates that the dye was not reduced in 24 hours. 
t  The first and second samples of ceils showed a partial reduction of the dye in 
24 hours, even without glucose. 
TABLE  IV 
Influence of  Sugar-free Meat Infusion on the Vdocity of Reduction of Methylene Btue 
by Washed Cells of Pneumococcus in the Presence of Glucose 
Washed cells 
10 
10 
10 
Methylene 
blue 0,002 
1 
1 
1 
Glucose 
0.002 x 
1 
I 
0 
Meat 
infusion 
0.5 
05 
Time required  for complete 
reduction 
90 minutes 
40  " 
Reduction  only  partial  afte~ 
24 hours 
glucose.  Now, it had been observed in the course of previous experi- 
ments that the presence of sugar-free meat infusion increases the veloc- 
ity of reduction of methylene Mue by the Pneumococcus-glucose sys- 
tem, although a  system containing washed ceils and sugar-free meat 
infusion is unable by itself to bring about any rapid reduction.  An 
example of such an action is given in Experiment 4. 1LEN~  DUBOS  149 
Experiment  4.--A  young plain  broth  culture of  Pneumococcus was  centri- 
fugalized and the cells washed twice in saline.  The washed cells were suspended 
in buffer pH 8.0 and their reducing power tested with 1 cc. of 0.002 u  methylene 
blue and 1 cc. of 0.002 u glucose--with and without the addition of 0.5 cc. sugar- 
free meat infusion.  A tube containing 10 cc. of cells +  0.5 cc. meat infusion  + 
1 cc. of 0.002 g methylene blue, but no glucose, was used as control (Table IV). 
Since sugar-free meat infusion is found to increase the velocity of 
reduction of methylene blue by a  system containing Pneumococcus + 
glucose, it appeared possible that the action of the cell on the glucose 
might depend on two factors, one which cannot be removed by washing 
and  another present  in meat  infusion.  Experiment  5  bears on  this 
point. 
TABLE V 
Influence of Washing the Cells and of the Addition of Meat Infusion on tke Reduction 
of Methylene Blue by the Pneumococcus-Glucose System 
No. of washings  No meat infusion  0.5 cc. of meat infusion 
1 
2 
3 
4 
5 
6 
7 
+ 
+ 
R 
+ 
+ 
+ 
+ 
+ 
+ 
* The signs +  and -  indicate that the methylene blue was, or was not completely 
reduced after 24 hours incubation. 
Rxperiment  5.--Young  ceils  of  D/39/R  were  repeatedly washed  in  saline. 
At each one of the washings, experiments with amounts of cells corresponding to 
10 cc. of culture were made to determine the reduction of 1 cc. of 0.001 u methylene 
blue by 1 cc. of 0.001 •  glucose in the presence and in the absence of meat infusion 
(Table V). 
The results of Experiment 5 confirm the view that in the mechanism 
responsible  for  the  reduction  of  methylene  blue  in  the  presence  of 
glucose there are  at  least  two  constituents  involved; one present  in 
meat infusion,  readily washed  out of the  cells,  and heat  stable;  the 
other persisting in the  cell  despite  repeated washing but eventually 
lost as result of the process.  It is not known as yet whether this sec- 150  CARBOHYDRATES IN  BIOLOGICAL OXIDATIONS 
ond factor is simply washed out, or destroyed following some injury 
caused to the cell in the process of washing.  It has been found to be 
heat-labile and completely inactivated by 10 minutes exposure at 55°C. 
Meat infusion is well known to contain reducing substances, andi 
it is important to know to what extent methylene blue can be reduced 
by sugar-free meat infusion in the presence of Pneumococcus cells. 
Experiment 6.--Young cells of D/39/R were washed four times in saline, and 
5 cc. amounts were used to determine the comparative reduction of methylene 
blue in the presence of glucose, sugar-free meat infusion, and glucose +  meat 
infusion.  The details of the experiment  are given in Table VI. 
TABLE  VI 
The Activatio~ ~  ate Pneumococcus-Glucose System by Sugar-free Meat Infusion 
Washed 
cells 
5 
0 
0 
5 
5 
5 
Glucose 
0.001  ~r 
0 
1 
o 
1 
o 
1 
Meat 
Infusion 
o 
o 
5 
o 
5 
5 
Methylene blue (cc. of 0.001 K solutions) 
o.t  o.2 
..4-  - 
+*  ±*! 
0.3  0.4 
+  + 
0.5  0.6 
+  + 
0.7  0.8 
+  + 
0.9 
+ 
1.0 
+ 
* In this table the signs + and -  indicate that the dye had or had not been com- 
pletely reduced in 3 hours.  :t: indicates that the reduction was complete only 
after 24 hours. 
The results of Experiment 6 demonstrate that the rapid reduction 
of  methylene  blue  by  a  system  containing  washed  cells  +  meat 
infusion +  glucose cannot be accounted for by the reducing power only 
of any one of the three components of this system or even by any com- 
bination of two of these components.  A  rapid reduction of the dye 
requires the presence of all three of them. 
The Existence of a Definite Ratio Between the Amounts of Glucose Used 
and of Methylene Blue'Reduced 
In the course of the reduction which has just been described, the 
methylene blue is reduced and the glucose oxidized.  An attempt has R.EN~ DUBOS  151 
been made to determine the relative amounts of the two substances 
involved in  the reaction.  However, great  difficulties have been  en- 
countered in obtaining a  constant ratio, although in all instances the 
reduction of  1  tool of methylene blue required from 0.7 to  1 mol of 
glucose.  The following experiment is a  typical example of the results 
obtained in such determinations. 
ExPeriment 7.--Young cells of D/39/R were washed once in saline.  This was 
found  sufficient to rid  the cell of practically all the metabolites they contained. 
TABLE  VII 
The Quantitative Rdation  Between tke Amounts  of Glucose Used and of 
Metk3gene Reduced 
Time in minutes required for complete  reduction of the dye in the presence 
Amount  of the following  amounts of 0.001 K glucose solution 
of cells 
O. 
CO. 
15.1 
lOJ 
5.1 
2. 
15., 
10., 
5.1 
2. 
Me  !De 
(0 
solutions) 
I 
1 
I 
I 
0.1 
0.I 
0.I 
0.I 
0.1  0.2 
60 
100 
80 
120 
0.3 
x*  x 
X  x 
x  x 
x  x 
0.4  0.5 
X  X 
X  X 
X  X 
X  X 
0.6  0.7 
--  240 
x  x 
X  x 
x  x 
X  x 
0.8  0.9 
360  45 
--  330 
X  x 
x  x 
x  x 
X  X 
i  1.0 
I 
I 
i  5O 
!12o 
120 
145 
X 
X 
X 
x 
* The sign  -  indicates  that the dye was not yet completely reduced after 12 
hours incubation; x indicates that the test was not made. 
Cells washed only once do not need meat infusion to be able to activate glucose. 
Varying amounts of these ceils were used with  varying concentration of glucose 
and of methylene blue for a reduction test.  The details and results of  the experi- 
ment axe given in Table VII. 
The results of this experiment demonstrate once again the reduction 
of methylene blue by Pneumococcus in the presence of glucose, and the 
lack of reduction in  the absence of the sugar.  It will  be seen that, 
whereas 2.5 cc. of cells could reduce 1 cc. of the methylene blue solution 
in the presence of glucose,  15  cc. of the washed cells alone could not 
even reduce 0.1 cc. of the same dye solution.  It seems true also that 
the  ratio  of glucose  to  methylene  blue  becomes  narrower  as  larger 152  CARBOHYDRATES IN  BIOLOGICAL OXIDATIONS 
amounts of cells are used for the test; and this, as we have just seen, 
cannot be accounted for by the metabolites present in the cells.  The 
change in the glucose-methylene blue ratio might conceivably be due 
to side-reactions which become manifest only when larger amounts of 
cells are used.  In experiments not reported here, it has been estab- 
lished  that  the  time  required  for the  reduction of  1  cc.  of 0.001  ~r 
methylene blue is not dependent upon the amount of glucose  used, 
when this amount is larger than 1 cc. of 0.001  ~  solution.  The fact 
that the reduction with 0.7, 0.8 and 0.9 cc. of the glucose solution takes 
TABLE VIII 
Time Required for the Reduction of r~t I~dicators by the Pneumococcus- 
Glucose System 
Dye  Amount of cells 
Name 
m 
{).1  2 chtoro indophenol.. 
1 naphthob2  sulfo- 
nate indophenol... 0~1 
Methylene  blue  ....  {).0 
Indigo tetrasulfonate. {). 1 
Indigo trisulfonate..  D.  I 
Indigo disuffonate..  0.1 
8.'. 
4.~ 
2.,  ~ 
1.2 
9.! 
20 cc.  I0 cc. 
Immediate reduction 
5 minutes  10 minutes 
16 hrs.  20 hrs. 
2 days  8 days 
2  "  8  " 
5 ¢¢. 
6 minutes 
2.5 CO. 
30 minutes 
10  "  30  " 
15  "  1 hour 
2 days  2 days 
Only partly  reduced in 
2 weeks 
4¢  ¢4  4¢  St 
longer than with 1 cc. is another evidence that we are dealing with at 
least two different reactions. 
In conclusion, it appears that, under the proper conditions, the re- 
duction of one molecule of methylene blue requires  one molecule  of 
glucose. 
The Reduction  of the Indicators  of Oxidation-reduction  Potentials  by the 
Pneumococcus-glucose System 
The work of the past few years has indicated that many biological 
systems develop reducing potentials much lower than that of reduced XXl~  DUBOS  153 
methylene  blue.  Experiment  8  demonstrates  that  when  glucose  is 
placed in the presence of Pneumococcus cells, dyes with a very low rH 
are also reduced. 
Experiment 8.--A young culture of D/39/R was  centrifngalized and  the  cell 
suspended in buffer at pH 7.8.  Amounts of the suspension  corresponding  to 20-, 
10-, 5-, and 2.5 cc. of the original  culture were added to solutions  of the rH indica- 
tors for a reduction test.  Each one of the tubes received also 0.2 cc. of a 1 per 
cent glucose solution.  The time required for the  reduction of the dyes is given 
in Table VIII. 
Table VIII shows:  1)  that  the  time of reduction increases  as  the 
amount of cell decreases; 2)  that the dyes are decolorized in the order 
of the electromotive series; 3) that all dyes tested were reduced. 
TABLE  IX 
The Reduction of Tkiol Groups by Glucose (0.2 co; of 1 Per Cent Solution) in the 
Presence of Cells of Pneumococcus 
t  Incubation period (hours) 
Nature of the oxidized thiol compounds  [ 
Glutathione (5 ee. of meat infusion)  ............. [  :t:*  [  4-  I  +  [  + 
I 
5 cc. of saturated solution  of cystine  ............. [  --*  I  --  I  ~  [  + 
I ce. of 0.05 per cent oxidized  thioglycollic  acid  ..... [  +*  [  ++*[  ++  [  ++ 
* In this table  -  indicates a negative test for -SH. 
±  indicates a doubtful test for -SH. 
+  indicates a positive test for -SH. 
+ +  indicates a strongly positive test for -SH. 
The Reduction of Thiol Compounds by the Pneumococcus-Glucose System 
In  view  of  the  importance  of  glutathione  in  cellular metabolism 
and of the fact that thiol compounds have been found to be an essential 
component of the media  used for the growth  of Pneumococcus,  I  an 
attempt has been made to find out whether oxidized thiol compounds 
can be reduced by a system consisting of Pneumococcus and glucose. 
Experiment 9.--The set up of the experiment was the same as in Experiment 8, 
except that meat infusion, cystine and oxidized thioglycollic acid (see Experimen- 
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tal Methods) were used instead of the dyes.  The  systems were incubated  for 
several days, and the presence of reduced thiol groups was tested for by the nitro- 
prusside test. 
Experiment  9  brings  out  the  interesting  fact  that  oxidized  thiol 
compounds are reduced by glucose in the presence of Pneumococcus 
cells.  This reduction could be obtained with as little as 2.5 cc. of cells. 
The Formation of Peroxide by Washed Cells of Pneumococcus in the Pres- 
ence of Glucose and Meat Infusion 
Avery and  Neill  (5)  have  conclusively shown that  Pneumococcus 
cells, when washed in saline,  lose their ability to form peroxide,  but 
regain it in the presence of yeast extract or meat infusion.  Their results 
also indicate  that the reduction of methylene blue and the formation of 
peroxide  are  controlled  by the  same mechanism.  It  was  therefore 
tempting to see if peroxide formation could be obtained with the same 
system  (washed  cells  +  sugar-free meat  infusion  +  glucose)  which 
proved to be able to reduce methylene blue. 
Experiment lO.--Young cells of D/39/R were repeatedly washed in saline and 
samples taken after the first, third, and  fifth washings.  Amounts of cells corre- 
sponding to 25 cc. of culture were suspended in 10 cc. of buffer at pH 7.8, and 
glucose and sugar-free meat infusion were added as described in Table X,  The 
mixtures were transferred  to 150 cc. Erlenmeyer flasks and incubated  at room 
temperature.  A test for peroxide was made after different periods of incubation, 
and the results corresponding to 18 hour periods are given in Table X. 
It appears  from  the  results  of Experiment  10 that  washed cells of 
Pnettmococcus can form peroxide when placed in the presence of glucose 
and of sugar-free meat infusion under aerobic conditions.  However, 
this  property is  completely lost  after the  cells  have  been  washed  5 
times.  Peroxide  formation  and  methylene  blue  reduction  therefore 
appear as two similar reactions, in which oxygen and methylene blue 
respectively act as hydrogen acceptor. 
The Activity of Carbon Compounds Other than Glucose in the Presence of 
Washed Cells of Pneumococcus 
The  reduction  of  the  indophenols,  of methylene  blue  and  of  the 
indigoes by washed cells of Pneumococcus, has been attempted in the RE17J~ DUBOS  155 
presence  of  inulin,  lactose,  saccharose, maltose,  dextrose,  levulose, 
mannose, arabinose, xylose, ribose, mannite and glycerine.  It would 
be too long to report now the results of these studies.  However, it 
may be  said  that  the  following substances  have  been  found to  be 
•  the most active (in order of velocity of reduction) : levulose, dextrose, 
galactose, mannose, maltose, lactose.  These same substances were also 
found to give rise to the formation of peroxide in the presence of washed 
cells of Pneumococcus under aerobic conditions; the test for peroxide in 
TABLE X 
Tke Formation of Peroxide by Wasked Cells of Pneumococcus in tke Presence of 
Glucose and Sugar-free Meat Infusion 
Amountofce~s 
$C, 
0 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
No.  of  waShings 
1 
1 
1 
1 
3 
3 
3 
3 
5 
5 
5 
5 
Glucose (20  per 
cent  solution) 
0.2 
0 
0.2 
0 
0.2 
0 
0.2 
0 
0.2 
0 
0.2 
0 
0.2 
Meat infusion 
GGo 
0.5 
0 
0 
0.5 
0.5 
0 
0 
0.5 
0.5 
0 
0 
0.5 
0.5 
Peroxide 
m 
+ 
N 
4- 
+ 
the  same system was  doubtful or  negative when other compounds 
were used which bring about reduction of the methylene blue only 
slowly or not at all. 
DISCUSSION 
An interpretation of the facts which have just been presented re- 
quires an understanding of the nature of the interreaction between the 
glucose and the Pneumococcus cell.  Is the glucose molecule split into 
reducing products, or does it itself become highly reactive owing to 156  CARBOHYDRATES IN BIOLOGICAL OXIDATIONS 
some molecular rearrangement?  The determination of the ratio be- 
tween the amounts of glucose used and of methylene blue reduced is 
the first step in the elucidation of this problem. 
As indicated above (Experiment 7), the value of this ratio seems to 
be affected by a number of side reactions, but a  ratio very close to 1 
can be obtained under proper conditions.  It may be recalled here that 
Quastel has already attempted to determine the value of the  same 
ratio.  He found that, at pH 7.2, a single molecule of glucose donates 
at least 4 !and possibly 6) atoms of hydrogen to methylene blue in the 
presence of B. coli; galactose was less active and it was impossible to 
state whether this sugar donates more than 2 atoms of hydrogen per 
molecule.  The least quantity of formic acid which could accomplish 
complete reduction of methylene blue was the amount to be expected 
if formic acid donated 2 atoms of hydrogen per molecule.  Now, it is 
perhaps reasonable to assume that B. coli has a wider range of activa- 
tion  (in Quastel's terminology) than Pneumococcus, and that many 
of the products which result from the splitting of the glucose molecule 
by the cell become able to reduce methylene blue in the presence of 
B. coli, but not in the presence of PneumococcUs3  This would account 
for the narrow glucose- methylene blue ratio obtained with the organ- 
ism first mentioned. 
As a result of these observations, it appears likely that the first and 
fundamental reaction,  in  the  reduction of  methylene blue  by  the 
Pneumococcus-glucose  system is one in which one molecule of the sugar 
becomes able to cause the reduction of one molecule of the dye, i.e., to 
donate two atoms of hydrogen. 
Nothing is known of the mechanism of the reaction.  However, the 
following  possibilities may be considered: 
1.  The glucose molecule  is split into two fractions, each one donating 
one hydrogen atom. 
2.  The glucose molecule undergoes some rearrangement; two of its 
hydrogen atoms becoming "activiated."  Examples of such "activa- 
tion" are not unknown; succinic acid, for instance, although unable to 
reduce methylene blue by itself, does it in the presence of muscle tissue 
It has been established for instance that succinic acid, which is an excellent 
hydrogen donator in the  presence of B.  coli is inactive in the presence of Pneu- 
mococcus (unpublished observation). P.ES-~ DtmOS  !57 
and B. coli and is oxidized to fumaric acid in the course of the process. 
Concerning the hypothetical "activation" of glucose, it may be men- 
tioned here that Aubel, Wurmser, Geloso, and Genevois (8) have ob- 
served the establishment of highly reducing potentials by glucose solu- 
tions at different electrodes.  It would not be without bearing on this 
discussion to observe the potentials obtained with sterile glucose solu- 
tions compared with glucose in the presence of Pneumococcus cells. 
3.  Whatever may be the nature of the reducing substances  formed 
from the glucose, another question remains to be answered.  Do the 
glucose derivatives reduce the methylene blue directly, or do they act 
first on some of the cell components which in  their turn reduce the 
hydrogen acceptor? 
A knowledge of those constituents of the meat infusion which take 
part in the reaction would also greatly help in an understanding of its 
mechanism.  Meat infusion contains autoxidizable substances which 
are able to reduce rH indicators by themselves (6) ; are these substances 
the ones which activate the system consisting of washed cells of Pneu- 
mococcus and glucose? 
This is not a problem of theoretical interest only.  The utilization 
of the nutrients in the process of growth is probably dependent upon 
what Quastel calls an "activation" of these nutrients by the cell under 
consideration (2).  Is it not possible that the failure of Pneumococcus 
and other fastidious organisms to grow in synthetic media is due partly 
to the inability of these cells to "activate" the metabolites put at their 
disposal?  It would be interesting to determine in what measure the 
ability to grow in synthetic media is related to the power of "activa- 
tion" in the absence of meat infusion. 
Experiment 8 indicates that glucose, in the presence of Pneumococ- 
cus cells, is able to reduce rapidlyall the rH indicators, including indigo 
disulfonate.  The  reduction  of  gl~tathione  by  the  Pneumococcus- 
glucose system is another evidence that this system can reach  very 
negative potentials.  Too little is known as yet to appreciate the signi- 
ficance of this reduction; however, its importance is suggested by the 
fact that thiol groups are essential for the growth of Pneumococcus  3 
and that the addition of reduced cysteine to the medium always in- 
creases the rate of growth. 
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The formation of peroxide by glucose in the presence of Pneumococ- 
cus cells affords an explanation of Cole's (4) finding in 1914  that, al- 
though washed cells of Pneumococcus do not change hemoglobin to 
methemoglobin  in the presence of air, they do so when traces of dextrose, 
or of certain other substances are added to the mixture.  It is interest- 
ing that the substances which exhibit this property, also form peroxide 
in the presence of Pneumococcus cells.  Ribose and inulin which fail 
in this particular are inactive in both instances.  Since Avery and Neill 
(5)  have shown that peroxide and methemoglobin formation are the 
expressions of the same mechanism, the relation between the presence 
of dextrose and the oxidation of hemoglobin appears evident. 
Finally, it may be proper to point out briefly the significance  of 
these observations for  the characterization of bacterial  cultures  by 
their reducing properties.  The bacteriological literature offers a  great 
number of observations concerning the "reducing power"  of different 
species of microorganisms.  It is now known that sterile media them- 
selves develop potentials corresponding to a  great intensity of  reduc- 
tion (6,  9,  10);  Coulter (11)  has recently shown that typhoid bacilli, 
by using up the  oxygen in  solution in  a  medium, bring about the 
establishment of  a  potential similar  to  that  which  would  develop 
after  deaeration of the same sterile medium.  The experiments re- 
ported here indicate that the amount and velocity of reduction of a 
dye in a culture depend largely on the presence of  certain metabolites. 
What is, then, the"reducing power" of a tissue and of a culture?  Isit 
only an expression of its ability to activate the molecules of the sub- 
strate, or does the protoplasm possess reducing properties of its own, 
determined by its physical and chemical constitution? 
SUMMARY 
The reducing power of  plain broth  cultures of  Pneumococcus is 
largely dependent upon the presence in the medium at the time when 
the redtlction test is performed of certain metabolites. 
The washed cells of Pneumococcus are able to reduce the various 
indicators of oxidation-reduction potentials in the presertce of glucose. 
The relative velocity of reduction of these indicators is determined by 
the number of cells used in the test, the concentration of the dyes, 
and their position in the oxidation reduction scale. KEN~DUBOS  159 
Oxidized thiol  compounds  (glutathione,  cystine,  oxidized thiogly- 
collic acid) are likewise rapidly reduced by glucose in the presence of 
washed cells of Pneumococcus. 
This Pneumococcus-glucose system is  able to form peroxide under 
aerobic  conditions.  Those  substances  which form  peroxide  in  the 
presence of Pneumococcus cells are also  the ones which Cole found to 
be active in changing hemoglobin into methemoglobin under the same 
conditions. 
The power of washed cells  of Pneumococcus to reduce methylene 
blue in the presence of glucose is dependent on at least 2 constituents: 
one which can be readily removed  from the cell by washing.  Sugar- 
free meat infusion will function instead of it.  The other is inactivated 
more slowly by the process of washing and is destroyed by 10 minutes 
heating at  55°C. 
The interreaction between the glucose and the cell seems to result 
in a  fundamental reaction in which one molecule of glucose becomes 
able to reduce rapidly one molecule of methylene blue.  The existence 
of side-reactions often obscures this ratio. 
The  significance  of  these  observations  is  considered  in  relation 
to the nature and mechanism of the "activation" of metabolites, the 
preparation of synthetic media,  the phenomena of growth, and the 
meaning of  the  expression  "reducing power of a  bacterial culture." 
ADDENDUM 
There has just appeared in the Compt. Rend  Acad. Science an article 
by R. Wurmser and J. Geloso (12)  in which these authors present data 
indicating  that,  under  anaerobic  conditions,  the  glucose  molecule 
changes to a new form developing a reducing intensity corresponding 
to rH =  8.2 at pH 7.  This form seems to give rise to a reversible sys- 
tem of oxidation-reduction, with an rH --  15 corresponding to a mix- 
ture  of  50  per  cent  oxidant=50  per  cent  reductant.  Even  in  the 
presence of oxygen, the rH of this system does not go higher than 24. 
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